Abstract-Different modeling approaches for an isolated bidirectional dc-dc converter are investigated to be used in analysis and simulation of a hybrid electric ship. The models are verified by comparison with simulation results of detailed switching model in PLECS software. The advantages and disadvantages of different modeling methods are discussed. A unified model for both buck and boost modes is proposed for current control applications, using the preferable method. Finally, the simulation results of an energy storage system are presented, employing the proposed unified model in a hybrid electric ship simulation.
INTRODUCTION
Bidirectional dc-dc converters are widely used in hybrid electric vehicles [1] [2] [3] [4] [5] . When used as energy storage interface, a bidirectional dc-dc converter operates in two modes of charge and discharge in order to absorb or deliver power. An isolated full-bridge dc-dc bidirectional converter is shown in Fig.1 , which acts as a buck converter during charge period and as a boost converter during discharge. To study, design, and verify the system, different converter modeling methods are proposed in the literature [1] [2] [6] [7] . These will be discussed and compared in this paper.
A common approach for modeling the bidirectional converter reported in the literature is to use different models for each mode of operation [2] . From the system analysis point of view, in order to transfer from one mode to another in simualtion, we need to switch between two models. Subsequently, two different controllers should be designed for two operating modes. The switching between models might also lead to certain error due to existing storage elements in the circuit (capacitors and inductors), unless residual charges from the previous operating mode are considered in the model. In addition, the transition between two modes leads to transient numerical errors and slow simulation. In case a unified model is developed, a single controller for both modes of operation would suffice. Besides, the problem of transferring between two modes in simulation would be resolved. A unified state space model for bidirectional converter is proposed In [1] . However, as it uses internal resistances of the sources, which are uncertain parameters, it cannot be appropriate in practice. This will be further discussed later in the paper.
In dc distribution of ships usually the task of voltage regulation is carried out by the primary energy source such as the generator-set. In such applications, in order to prevent from conflicts in dc bus voltage control, the converter only takes care of its output current control while the bus voltage is applied as an input to the converter. Therefore, it is essential to adopt a converter model that is appropriate for current control.
In this paper, different modeling approaches are investigated for an isolated bidirectional dc-dc converter, to be used in the system analysis of hybrid electric ships. In order to verify different methods, all models are compared to the detailed switching model. The advantages and disadvantages of various methods including small signal averaging, nonlinear state space averaging, generalized averaging and the unified state space model [1] are discussed. Thereafter, this paper proposes a unified bidirectional converter model that suits current control applications. It will be shown that averaged switch modeling is the appropriate method to develop such a unified model. Finally, the simulation results of an energy storage system are presented, employing the proposed unified model in a hybrid electric ship simulation.
MODELING OF THE CONVERTER IN TWO MODES
Power electronic devices have been already modeled by their detailed switching behavior in a number of standard software packages. However, the detailed switching models need extremely short time steps in simulation that leads to excessive simulation run time. As a solution, Average Value Modeling (AVM) is used, which makes the simulation orders of magnitude faster than that of the detailed model. Linearized AVM is used for small signal analysis through modeling the module by means of a few Transfer functions. Large signal analysis can be carried out by nonlinear AVM or nonlinear State Space AVM (SSAVM). In case ripple modeling is desired, the generalized averaging method can be Fig. 1 . The topological circuit of the bidirectional dc-dc converter under study used [6] . Fig. 1 shows the bidirectional converter under study which has two modes of operation. Both modes will be modeled according to the mentioned methods.
A. Boost mode:
The differential equations of the boost mode are shown by (1)
where
The capacitor and resistor of the boost mode equations are C 2 and R 2 respectively, and the input voltage is V 1 (Fig. 1 ).
Small signal model:
A fundamental approach to study the dynamic behavior of converters is to derive the small signal average model. It is performed by taking an average from the differential equations of (1) over switching period intervals
where x t in equation (2) is the average of variable x over the switching period. Variable "d" is the duty cycle of the switching signal, and d′ =1-d.
Based on (2), we obtain the small signal average model as (3), according to which we can develop a small signal ac equivalent circuit (Fig. 2 ).
(3)
where the capital letter notations are the design operating point values. The boost mode can also be shown in the block diagram form, which is suitable for linear control design. In this case, different transfer functions should be deduced from the small signal equivalent circuit. A complete block diagram for the boost mode small signal model is shown in Fig. 3 . The different transfer functions are expressed in the Appendix. 
Large signal model:
The state space average model can also be expressed in a nonlinear form, to be appropriate for system level analysis. The state space equations are derived by expanding equation (1) 
We can see that the boost mode is expressed by two sets of state space equations for two states of switching. By averaging over the switching period these two sets of equations will be combined in a single set of state space equation:
where the matrices are as follows,
Equation (5) represents the nonlinear state space average model of the boost mode. In order to model the ripples for higher accuracy, we can derive the generalized state-space average model [6, 8] . Then in the following section we will compare the different averaging methodologies.
Generalized average model:
In order to provide the generalized average model, we need to calculate the coefficients of Fourier series (6) for the circuit state variables based on (7) . In this work, first harmonic approximation is performed (k= -1, 0, 1).
These Fourier coefficients are complex values, which are defined by (8) and (9) . Taking the Fourier transform of (1) and replacing (8) and (9) 
Providing a time-invariant large signal state space model, software packages like Matlab/Simulink can be used to implement and control such a model.
B. Buck mode:
The same procedure as for the boost mode modeling is performed for the buck mode. The final formulations of different methods for buck mode are expressed in the Appendix.
SIMULATION OF THE CONVERTER IN TWO MODES
In order to investigate the explained modeling methods, the models are simulated, using Matlab®/Simulink®. The design parameters of the studied converter are given in Table I . 
studies, in which large signal analysis must be carried out. In case small signal analysis is desired, the linearized AVM is the best option; because the control design can be simply done by classical control theory. Fig. 5 shows the open loop time response of the different buck models to duty cycle step changes. It can be seen that different models show satisfactory precision. The only difference is about the ripple (or pulsation) modeling. The generalized averaging by modeling the first order harmonic follows the ripples of the actual wave form; while the averaging methods are following only the dc value of the wave form. Since the input current in buck converters has an extremely pulsating waveform, the difference is particularly significant in current estimation. However, in case the purpose is to design the control system, the normal average models are preferred; because in control design the averaged values of variables matter. 
Modeling suited to current control
The above-mentioned modeling methods can be appropriate when the dc voltage must be controlled. However, a problem shows up when it comes to those applications where current control is required. In such applications, the voltage must be applied to the converter as an input; whereas in small signal AVM and state space AVM, the voltage appears as an output or a state variable, respectively. In order to overcome this problem, the authors of [1] [2] have introduced so-called "internal source resistances" through which the supply voltages are connected to the converter terminals. Involving these internal resistances into the circuit equations a "control to current transfer function" is obtained. However, it can be observed that the current control method proposed by these papers is to control the voltage drop across the internal source resistances whose values are extremely small and uncertain. Subsequently in practice a small change in the internal resistance leads to large error in the controlled current.
Merging into a unified model
In case we want to simulate a bidirectional converter, using the discussed methods, we can use two different models for two operating modes. Then, we have to switch between two mode models in order to transfer from one mode to another. The switching between models can lead to certain error due to existing storage elements in the circuit (capacitors and inductors), if their residual charges from the previous operating mode are not considered in the model. In addition, this transition between two modes not only leads to large transient errors in numerical analysis of the simulation program, it also moves the program away from convergence. This leads to extremely slow simulation when a mode transition occurs. Therefore, it seems necessary to develop a unified bidirectional converter model for system simulations. A unified model is also advantegeous for controller design, as it requires only a single controller design for both modes of operation [1] .
As a solution to the above challenges, we propose a unified model that suits current control applications, while being independent from uncertain parameters.
To achieve such a model, first, we have to express the output current in terms of converter variables rather than external imprecise parameters. It will be shown that it is possible by using the averaged switch modeling as follows. The first step is to simplify the switch network, which includes two H-bridges connected by a high frequency isolation transformer. Assuming ideal switches and transformer, the topology of Fig. 1 can be simplified to Fig. 6 for boost and buck modes of operation. The duty cycle of the new topology is the actual duty cycle divided by the transformer turn ratio. Using the averaged switch modeling [9] , we obtain the averaged circuit for each mode as Fig. 7 . In a bidirectional converter, the operation of the boost mode at duty cycle of "d′" (=1-d), corresponds to the operation of buck mode at duty cycle of "d", with only the opposite current direction. Therefor, the two models of Fig. 7 can be merged. The unified bidirectional converter model can be represented by Fig.7 .a. The simulation results of this unified model is illustrated in Fig. 8 . This figure shows open-loop response to duty cycle step changes over a charge/discharge cycle. The low voltage side and high voltage side of the converter are supplied at their rated voltage levels. The figure shows that the proposed model complies with the detailed model. Such simulation cannot be carried out by the above-mentioned models, as they are not able to accept the voltages as inputs. The proposed model is used in simulation of an energy storage system onboard a hybrid electric ship. The energy storage is a NiMH battery pack rated at 100V and 200Ah, which is connected to the ship dc distribution system through the bidirectional dc-dc converter. The dc bus voltage level is designed at 620V. Power share of the energy storage system is commanded and controlled through control of the dc current on high voltage side of the converter (I dc ). Fig. 9 shows a charge/discharge cycle of the battery when dc current is controlled on ±30A. It makes a comparison between the detailed model and averaged switch model by closed loop current control response to dc current step commands. The inversion-based control methodology [10] is used to control the converter model. The same control parameters are used to control the detailed switching model. The simulation results validate the proposed method, as acceptable agreement is found between the proposed model and the detailed model. where the matrices are as follows, 
Generalized averaging model:
The generalized average model is expressed by a state space equation whose state variables are defined as same as those of GASSM for boost mode. (A.3) where the state matrices are as follows, 
